Transcriptional regulation is dependent on layers of interactions between transcription factors and coactivators, controlling the specificity, temporal regulation, and extent to which transcriptional programs are executed. A key issue in the field of transcriptional regulation is to identify structural mechanisms by which transcription factors and coactivators build hierarchical protein assemblies. The basic helix-loop-helix Per-ARNT-Sim domain (bHLH-PAS) family of transcriptional regulators comprises both transcription factors and coactivators, which have different functions despite conserved domain architecture. Within this family, the tandem PAS domains typically mediate dimerization of the transcription factors, while C-terminal transactivation domains facilitate the dynamic interplay between transcription factors and coactivators. However, recent studies have shown that the modular PAS domains play an important role in regulating coactivator recruitment and oligomerization status. In this study, we provide a brief overview of the structural and functional studies that have identified a novel protein interaction interface on PAS domains utilized by both transcription factors and coactivators within the bHLH-PAS family.
Work over the last two decades has developed a molecular understanding of the diverse transcriptional responses to environmental stress coordinated by members of the basic helix-loop-helix Per-ARNT-Sim domain (bHLH-PAS) family. These proteins are united by sharing the common architecture of a bHLH DNA-binding domain, tandem PAS domains, and member-specific regulatory and transcriptional control elements (Letunic et al., 2006) . Consistent with this organization, bHLH-PAS proteins act as either DNA-bound transcription factors or transcription factor-interacting coactivators to regulate gene expression networks underlying many essential physiological and developmental processes. Our understanding of transcriptional regulation by these proteins has been largely defined by protein interaction and functional studies that identified the basic composition of active bHLH-PAS containing complexes in cells (Xu and Li, 2003; Kewley et al., 2004) . Although these data provide a sound conceptual foundation for bHLH-PAS function, they cannot explain either the dynamic interplay of coactivator/ transcription factor interactions that exist within living cells or the functional differentiation that has occurred among these homologous proteins. However, recent studies have identified additional regulatory mechanisms that exploit conserved PAS domains within these proteins to mediate additional coactivator interactions, building more complexity and potential crosstalk among signaling pathways. Here, we will address a key aspect of these new findings: the emerging structural description of PAS domain interactions with coiled coil or helical motifs found in coactivators that play critical roles in transcriptional activation by bHLH-PAS family proteins.
PAS Domains: A Versatile Fold for Regulation of Protein Interactions
PAS domains are a widespread class of small, modular domains presently identified in thousands of proteins in all three kingdoms of life (Letunic et al., 2006) . These domains exhibit a remarkable array of functions depending on their context, acting as dimerization modules, photosensors, and/or ligand-binding domains to convey external environmental cues to the organism (Mö glich et al., 2009 ). Much of this functional diversity arises from a subset of PAS domains that bind small molecule cofactors or ligands such as heme, FMN, or citrate. However, the unifying function of PAS domains is to modulate protein function by participating in protein--protein interactions, whether regulated by protein abundance or localization, light, or reversible ligand binding.
A structural basis for this functional diversity has been provided by X-ray crystallographic and NMR studies of over 45 PAS domains within the last decade. Collectively, these studies have demonstrated that PAS domains adopt strikingly similar a/b-folds despite less than 20% average sequence identity among individual domains (Mö glich et al., 2009 ). The core PAS domain fold is defined by an antiparallel b-sheet with five strands flanked on one side by a series of a-helices (Fig. 1A) . The b-sheet structure is critical for PAS function as it is involved in essentially all known intra-and interprotein interactions made by these domains. In contrast, the a-helical region is poorly structurally conserved between different classes of PAS domains and may represent an important element of structural diversity within these otherwise structurally similar proteins. The characterized role of this a-helical surface has predominantly been limited to interactions with internally bound cofactors or routes used by these cofactors to bind within the domains (Amezcua et al., 2002; Key et al., 2009 ). Some PAS proteins may self-associate by using long loops that bind to these helical surfaces, as observed in the crystal structures of Drosophila PERIOD PAS-AB (Yildiz et al., 2005) or the KinA PAS-A domain from Bacillus subtilis (Lee et al., 2008) , but the functional relevance of these interactions are unclear in general. This situation appears to be changing due to recent studies suggesting that this helical surface may play an integral role in mediating transcriptional regulation by proteins throughout the bHLH-PAS family.
bHLH-PAS Family: Multiple Roles in Transcriptional Regulation
The largest class of PAS-containing proteins in eukaryotes is the bHLH-PAS family of transcriptional regulatory factors, which have a basic helix-loop-helix DNA binding domain followed by two PAS domains (noted as PAS-A and PAS-B) and a C-terminal activation domain (Letunic et al., 2006) . Most members of this family are DNA-binding transcription factors that dimerize via their bHLH and PAS domains in response to environmental stimuli, which allows binding to cognate DNA sequences for transcriptional regulation. The PAS domains contribute to selectivity of dimer formation, with PAS b-sheet interfaces defining the formation of specific heterodimeric configurations of transcription factor complexes ( Fig. 1B) (Erbel et al., 2003; Card et al., 2005; Yang et al., 2005; Scheuermann et al., 2009 ). However, some members of this family lack the ability to dimerize via their bHLH and PAS domains. Incapable of binding to DNA themselves, they act instead as transcriptional coactivators, interacting with DNA-bound transcription factors and nuclear receptors to facilitate gene transactivation by recruiting additional histone-modifying coactivators. Notably, functionally important roles for PAS domain a-helical surfaces have been identified for both subclasses and will be described below.
bHLH-PAS Transcriptional Coactivators
The bHLH-PAS coactivator family of nuclear coactivators (NCoA; also known as p160/steroid receptor coactivators, SRC) contains three related members: NCoA-1, NCoA-2 (also known as GRIP1), and NCoA-3 (also known as p/CIP, RAC3, ACTR, AIB1, or TRAM-1). Although the highest degree of sequence conservation exists within their bHLH and PAS domains, the coactivator function of the NCoA family has been ascribed to their C-terminal activation domains. These are employed to interact with a variety of nuclear receptors, other transcription factors, and different coactivators through conserved nuclear receptor boxes (NR boxes) defined as LXXLL motifs (where L is a conserved leucine and X represents any amino acid) (Heery et al., 1997; Xu and Li, 2003) . The redundant interaction of NCoA members with an array of DNA-bound factors serves to efficiently recruit general coactivators such as CBP/p300 and CARM1/PRMT1 that possess potent histone modification activity needed for transcriptional activation.
Dimerization of NCoA family members plays an important role in the temporal regulation of gene transactivation by estrogen and androgen receptors. These nuclear receptors exhibit a bimodal pattern of gene regulation with rapid activation of a subset of genes that lack a classical hormone responsive element (HRE), and delayed activation of HRE-containing genes that require prolonged ligand-dependent stimulation (Perissi and Rosenfeld, 2005) . NCoA proteins are recruited as monomers to early gene, non-HRE-containing promoters, whereas dimeric complexes of NCoA-1/NCoA-3 and NCoA-2/NCoA-3 are preferentially recruited to late gene promoters containing HREs (Zhang et al., 2004) . This suggests that the mode in which the nuclear receptor is recruited to DNA, either indirectly through interaction with a previously bound transcription factor or through direct binding to the HRE, creates different requirements for NCoA coactivator interactions. Recruitment of dimeric NCoA complexes to HRE-bound nuclear receptors requires NCoA PAS-B domains (Zhang et al., 2004) ; however, unlike their bHLH-PAS transcription factor counterparts, the NCoA PAS-B domains do not interact with one another (Lodrini et al., 2008) . Instead, NCoA heterodimerization is mediated by the intermolecular association of the PAS-B domain with conserved C-terminal NR boxes within activation domain 1 (AD1, also known as the CBP-interaction domain, CID) ( Fig. 2A) (Lodrini et al., 2008) . The PAS-B domain of NCoA-1 also directly interacts with a NR box from the signal transducer and activator of transcription 6 (STAT6) transcription factor (Litterst and Pfitzner, 2001; Litterst and Pfitzner, 2002) . Importantly, NCoA heterodimerization via the PAS-B/NR box intermolecular interaction effectively competes for interactions with both CBP/p300 and STAT6, demonstrating that the oligomeric status of NCoA proteins is likely capable of regulating the affinity for subsequent transcription factor and/or coactivator recruitment (Lodrini et al., 2008) .
The molecular basis for the NCoA PAS-B/NR box interaction has been elucidated with the co-crystal structure of the NCoA-1 PAS-B domain complexed with the STAT6 LXXLL peptide (Razeto et al., 2004) . Surprisingly, the interaction is mediated by the a-helical surface of the PAS-B domain, with the LXXLL motif bound within a hydrophobic cleft formed by a rearrangement of two short helices into a long, colinear helix (Fig. 2B) . The colinear arrangement of the Da and Ea helices is unique to this system among all the PAS structures solved to date (Mö glich et al., 2009), suggesting that binding of the NR box may induce an allosteric conformational change within the canonical PAS domain fold. LXXLL motifs fold into amphipathic helices upon interaction (Shiau et al., 1998) , with the conserved leucines oriented on the same face of the helix to interact in a knobs-and-holes configuration with helices within the target protein, as seen in typical coiled coil interactions. Residues that flank the conserved LXXLL motifs also make energetically important contacts with the PAS-B domain (Seitz et al., 2008) and thus are likely important for defining specificity within NCoA heterodimer pairs. As hetero-and homodimeric NCoA complexes may have differing capacities to recruit additional coactivators through their AD1/CID domains, it is likely that the interaction of NCoA PAS-B domains with LXXLL motifs has introduced a new level of complexity within the combinatorial code of transcriptional regulation by bHLH-PAS coactivators.
bHLH-PAS Transcription Factors
bHLH-PAS transcription factors function as obligate dimers (chiefly heterodimeric), binding DNA at specified promoter elements and recruiting coactivators via their unstructured C-terminal transcriptional activation domains to regulate transcriptional responses to diverse stimuli. Within this functional subclass, two proteins are of central importance: ARNT and BMAL1 (brain and muscle ARNT-like 1). These proteins act as general heterodimeric partners for bHLH-PAS proteins that define the specificity of target gene activation in response to stimuli such as hypoxia, xenobiotics, or timing of circadian rhythmicity (Kewley et al., 2004) . Dimerization of bHLH-PAS transcription factors is mediated in large part by the association of PAS domains in vivo, because point mutations on a single PAS domain b-sheet can reduce or eliminate transcriptional activation by disrupting dimer formation (Erbel et al., 2003; Yang et al., 2005) . Domain-swapping experiments in Drosophila bHLH-PAS proteins have shown that the PAS domains also contribute to the specificity of target gene induction (Zelzer et al., 1997) , suggesting that they also participate in downstream signaling events on DNA, such as coactivator recruitment.
The recent discovery of coiled-coil coactivator (CoCoA) proteins that directly target PAS domains, as opposed to the C-terminal transactivation domains, demonstrates that multiple structural motifs are used by bHLH-PAS transcription factors to recruit coactivators. CoCoA (Kim and Stallcup, 2004) and thyroid hormone receptor interacting protein 230 (TRIP230) (Beischlag et al., 2004) are both recruited to endogenous promoters after hypoxia or xenobiotic stress and are required for ARNT heterodimer function in vivo. Coiled-coil fragments from both coactivators directly interact with ARNT PAS-B; more specifically, TRIP230 utilizes an LXXLL-like motif to interact with ARNT, with residues flanking this motif making additional energetic contributions (Partch et al., 2009) . Structural mapping of the interaction using solution NMR spectroscopy indicates that use of the ARNT PAS-B a-helical surface is conserved with the NCoA family (Partch et al., 2009) . Moreover, mutation of ARNT PAS-B residues that undergo perturbation by coactivator binding selectively disrupts the coactivator interaction while not affecting the b-sheet-mediated interaction with HIF-2a PAS-B, suggesting a way in which ARNT PAS-B can simultaneously engage both coactivators and HIF-a proteins (Fig. 3A) (Partch et al., 2009 ). These data demonstrate a remarkable conservation of specificity in PAS-B/helical peptide interactions from functionally diverse members of the bHLH-PAS family.
What about other bHLH-PAS transcription factors? We believe that the PAS-B a-helical surface of other members of this family may interact specifically with helical motifs. At least one of the ARNT PAS-B-targeting CoCoA has been shown to interact directly with the aryl hydrocarbon receptor (AhR) in a region containing the PAS domains (Kim and Stallcup, 2004) . Furthermore, the N-terminal bHLH-PAS region of AhR is also reported to interact with other coactivators such as GAC63 and the activation domain of BRCA1 (Chen et al., 2006; Kang et al., 2008) . While numerous coactivators have now been identified that target AhR and ARNT, none of the CoCoA tested thus far interact directly with HIF-a proteins, suggesting a possible mode of pathway-specific regulation. Furthermore, it is unknown whether BMAL1, a key bHLH-PAS transcription factor within the mammalian circadian clock, will utilize its PAS-B domain to recruit CoCoA or other helical proteins, as might be anticipated from the fact that it shares the highest degree of homology with ARNT among all bHLH-PAS proteins.
Towards an Understanding of PAS Domain Interactions in Building Transcription Factor/Coactivator Complexes PAS domains within the bHLH-PAS family act as scaffolds to build complex assemblies of transcription factors and coactivators, often through the simultaneous utilization of multiple interfaces on these small, modular domains. This raises the possibility that recruitment of multiple coactivators by the activation and PAS domains of bHLH-PAS heterodimers may play a role in the crosstalk that is observed in bHLH-PAS signaling. Crosstalk is functionally important, as it allows cells to fine-tune transcriptional responses by integrating multiple stimuli. Nearly half of the genes regulated by AhR or HIF-a are significantly affected by stimulus from the other pathway (i.e., a reduction of AhR-mediated gene induction under hypoxia) (Lee et al., 2006) . Although ARNT is required for the activity of both AhR and HIF-a, it is not limiting under physiological conditions (Pollenz et al., 1999) , demonstrating that crosstalk between the two pathways is not likely due to competition for ARNT.
Crosstalk may result from recruitment of different combinations of coactivators or corepressors, perhaps by competition or synergy with other bHLH-PAS proteins. In addition to acting, a primary coactivator for ARNT and AhR, CoCoA also interacts with the N-terminal bHLH-PAS region of NCoA-1 and NCoA-2, as well as possessing the capability to independently recruit CBP/p300 (Kim et al., 2003; Yang et al., 2006) . Importantly, the same transcription factor can demonstrate preference for different coactivators depending on the context of the core promoter (Marr et al., 2006) . This promoter-dependent selection of coactivator recruitment is also observed with the PAS-mediated dimerization of NCoA coactivators (Fig. 3B) , which helps to impart temporal regulation and/or specificity of target gene induction on the transcriptional response to steroid hormones (Zhang et al., 2004) . Further studies that examine cellular mechanisms regulating NCoA dimerization are needed to understand the role of NCoA oligomeric status in transcriptional regulation.
Beyond the bHLH-PAS family of transcriptional regulators, these structural studies have also provided valuable information on the versatility of the PAS domain fold in mediating protein--protein interactions, and build on the idea that PAS domains are ideal scaffolds for creating supramolecular protein assemblies. 
